
Atomic-Scale Finite-Element Modeling of Elastic Mechanical
Anisotropy in Finite-Sized Strained Phosphorene Nanoribbons
Krzysztof Pyrchla* and Robert Bogdanowicz

Cite This: J. Phys. Chem. C 2022, 126, 14219−14228 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Nanoribbons are crucial nanostructures due to their superior mechanical and electrical properties. This paper is
devoted to hybrid studies of the elastic mechanical anisotropy of phosphorene nanoribbons whose edges connect the terminals of
devices such as bridges. Fundamental mechanical properties, including Young’s modulus, Poisson’s ratio, and density, were estimated
from first-principles calculations for 1-layer, 3-layer, and 6-layer nanoribbons with widths of 10 Å. The data achieved from the ab
initio simulations supplied the finite-element model (FEM) of the nanoribbons. The directional coefficients of strain pressure curves
were estimated as Young’s effective modulus since the structure is one-dimensional (1D). The modulus values were equal to 85.8,
111.8, and 134 GPa for 6, 3 and 1 layers, respectively. Moreover, the variation in Poisson’s coefficient for the armchair direction was
significantly smaller than for the zigzag direction. Monotonic changes in this twist were observed for structures with 3 and 6 layers
within the plane along the zigzag axis. The phosphorene nanoribbons subjected to periodic excitation behaved similarly to those
subjected to static loading, while their whippiness was inversely proportional to the length. Next, the deflection under static force,
resonance frequencies, and response to a variable driving force were calculated.

1. INTRODUCTION
Phosphorene is a novel two-dimensional (2D) material that
was given its name by analogy with graphene. This material
demonstrates sp3 hybridization, in contrast to sp2 graphene,
but shares its superior electrical properties. Since its first
fabrication, numerous different possible applications have been
found in electronics,1 optics, and biotechnology. It has been
shown that this material has excellent mechanical properties,
can be stretched up to 30% before breaking, and can withstand
significant pressures. All of these similarities to graphene
suggest that phosphorene should be an outstanding material
for nanoribbon production.
Phosphorene nanoribbons (PNRs) are one-dimensional

(1D) materials that are scientifically attractive due to their
properties that are a compromise between high career mobility
and a semiconductor, which enables them to be used to build
phosphorene field-effect transistors (FETs) with a high on/off
ratio. Various techniques of phosphorene nanoribbon
production are continuously under development. The

fabrication of phosphorene nanoribbons was recently reported
using various approaches, such as ionic scissoring, one-step
chemical vapor transport (CVT) synthesis, electron beam
sculpture, and electrochemical exfoliation.2−5 Each method
leads to the production of nanoribbons with slightly different
properties. The crucial factor is the dimensions of the
nanoribbons that can be produced via each method.
Furthermore, CVT synthesis, ionic scissoring, and electro-
chemical exfoliation lead to the creation of a population of
nanoribbons with some variation in properties. The applic-
ability of PNRs is an issue.
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The key factor is the geometrical dimensions of the
nanoribbons that can be obtained through each method. For
example, the electron beam sculpting method results in 15 nm
long ribbons, but their spatial separation is weak. Electron
beam lithography techniques produce ribbons with widths of
60 nm and heights of 3 nm, so they behave like bulk black
phosphorus rather than few-layer phosphorene. Significantly
better results can be achieved by the application of liquid
exfoliation (the “ionic scissoring” approach),2 especially when
followed by intercalation of the phosphorus layer with alkali
metals such as Li. This method leads to the fabrication of a
broad spectrum of nanoribbons with lengths up to 11 μm and
aspect ratios up to 1000. Nevertheless, this material is a
challenge to scale the fabrication process.
Shaping 2D materials at the nanoscale unlocks new

properties and effects. In the phosphorene structure, after its
limitation to one dimension in a zigzag direction (ZDPNR),
new electron tunneling paths unlock. As a result, the spin-
dependent Seebeck effect arises.6 Multiple essential parame-
ters, both mechanical and electrical, can be changed by
adjusting the geometrical dimensions of the structure. The
band gap of the structure is directly connected with the
nanoribbon width, and the scaling law is different for both
possible orientations of the ribbon.7

Because of their unique properties, PNRs have been
continuously under both theoretical and experimental
investigation. The majority of the experiments have been
focused on phosphorene structural anisotropy, which is
reflected in many of its properties. The anisotropy of the
thermal conductance is one well-documented example,8

followed by the anisotropy of mechanical parameters such as
Young’s modulus and Poisson’s ratio.9 The anisotropy of
thermal conductance can be explained as a result of strong
anisotropy in Young’s modulus of phosphorene since the
thermal conductance is determined in this material by the
phonon group velocity, which is related to Young’s modulus.10

Research into the optical properties of PNRs has also
revealed many interesting properties, such as the formation of
exciton funnels after the application of a specific strain force to
the nanoribbons.11 It has also been reported that many
important properties of phosphorene, such as its optical
absorption,12 Raman spectrum,13,14 electrical conductance,15

and electron band structure, are sensitive to tensile strain.
Since the properties of phosphorene are dependent on the

strain, the 1D configuration is desired because it allows the
applied strain direction to be controlled. Using the currently
known experimental techniques, it is possible to form
nanoribbons in a “bridge” arrangement over a groove on a
silicon substrate.16 A complete review,9 presenting the problem
of mechanical properties, was mainly focused on the properties
of such PNRs, whose dimensions can be measured in microns.
This approach is reasonable since nearly all PNRs fabricated
thus far are technically nanobelts.17 Moreover, since the
multiple electrooptical properties of PNRs are size-depend-
ent,18 current progress in the production of PNRs is focused
on achieving structures with higher aspect ratios.2

Many simulations have been performed to estimate basic
mechanical properties, such as Young’s modulus.9,19−21

However, most of this work has been focused on nanolayers
(2D crystal structure) and bulk structures. There is a
significant lack of work done with regard to estimations of
the properties of few-layer black PNRs, especially those that
shrink by a few nanometers in width. There have been

attempts to experimentally measure Young’s modulus of free-
standing nanoribbons,9,16 but the structures being examined
have cross-sectional dimensions of tens of nanometers (nm) ×
tens of nanometers. Taking this into account, density
functional theory (DFT) simulations can be considered a
reliable source of information about the mechanical properties
of few-layer PNRs, with a few-nanometer width.
There is a significant difference in mechanical behavior

between micro- and nanostructures.22 This is caused by edge-
related effects, which are significant only for narrow nanorib-
bons.23 The edge stress accumulation can be an example of
such an effect. For both a bulk structure and 2D nanolayers,
theoretical work employing the ab initio DFT method for the
calculation of Young’s modulus and Poisson’s ratio is in good
agreement with the experimental data.24 Thus, it can be
assumed that DFT-calculated mechanical properties for PNR
structures should also be close to actual values. Taking this into
account, a decision was made to directly model both the
Young’s modulus and Poisson’s ratio of 1 nm nanoribbons and
not extrapolate experimental data gathered for larger
structures.
The most reliable way to analyze the mechanical behavior of

the nanostructures is through experiments and then molecular
dynamics simulations. Notably, simulations of the dynamical
behavior of complex nanomechanical systems are computa-
tionally demanding, and controlled experiments conducted at
the nanoscale are extremely difficult. Since each nano-opto-
electro-mechanical system (NOEMS) design has to be proven
to work before it was even constructed, to avoid unreasonable
losses, simulations in conium approximation were proposed as
a solution.25−32

In this work, a synergistic (DFT + FEM) study of the elastic
and mechanical anisotropy of suspended PNRs was presented.
The designed elastic PNR resonator is connected to both
terminals in the form of a bridge. The mechanical properties of
ultrathin phosphorene ribbons are dependent on the ribbon
cross section. Thus, basic mechanical properties, such as
Young’s modulus, Poisson’s ratio, and density, are first
estimated from first-principles calculations for 1-layer, 3-layer,
and 6-layer 10 A wide nanoribbons utilizing the DFT method.
The data achieved from the ab initio DFT simulations were
utilized as an input for the finite-element model (FEM) of the
nanoribbons. The static deflection under homogeneous
pressure, normal modes, and response to dynamic force are
presented. The results achieved during simulations allow us to
determine the vibrational behavior of the PNR by revealing
how much space each vibration mode requires for its existence.
This provides information regarding the minimum require-
ments for the size of the groove below the PNR.
This ab initio approach for mechanical property estimation

has already proven effective in cases when no experimental
data are available. On the other hand, FEM vibrational analysis
is also a mature numerical technique proven to be efficient in
solving large-scale problems. The main idea of this article is to
combine the benefits of both methods to describe the
mechanical behavior of narrow PNRs efficiently.

2. METHODS
2.1. DFT Structure Modeling. The structure was modeled

using two separate approaches. First, an atomic-scale model
was prepared for the purpose of ab initio simulation. This part
of the simulation was conducted to evaluate the mechanical
properties (Young’s modulus, Poisson’s modulus, and density)
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of the ultrathin nanoribbon, which were then used during FEM
simulation of the nanoribbon.
During the experiment, the interatomic forces were

calculated using the ab initio approach within DFT with a
linear combination of atomic orbitals (DFT-LCAO). For the
purpose of the DFT calculation, Perdew−Burke−Ernzerhof
(PBE) functionals were used. Because the model was 1D
infinite, the k-point sampling was anisotropic 4 × 1 × 1
(Monkhorst−Pack). The mesh cut-off energy was set to 160
Ha. All numerical parameters were tested for convergence of
the values of the forces before calculation began.
Atomic models were created using the black phosphorus

bulk structure from a database. The atomic model structure
was prepared by assembling single black phosphorus layers
using the Tb stacking principle, which was reported to be most
energetically favorable.33 The stacking order is shown in Figure
1c. The number of layers in the structure was 1, 3, and 6. A
single-unit cell represents a phosphorene nanoribbon with a
width of 13 Å, and the edges of the ribbon were fully
hydrogen-terminated. To simulate a very long nanoribbon,
periodic boundary conditions were applied to the cell borders.
The length of the ribbon that lies inside the cell was set to 10

Å. The perpendicular direction of the cell was set accordingly
to generate an ∼20 Å vacuum buffer around the ribbon.
The resulting structure was optimized using the limited-

memory Broyden−Fletcher−Goldfarb−Shanno (LBFGS) al-
gorithm with the condition of zero external pressure. Both the
positions of all atoms and the length of the cell in the direction
of the ribbon were optimized. The two directions perpendic-
ular to the ribbon were kept fixed during the optimization.
Nevertheless, the material was able to both shrink and expand
freely in the perpendicular direction due to the vacuum buffer
around it. The stop criteria were set both for the values of the
forces and the pressure tolerance. The maximum force had to
fall below 10−4 eV/Å, and the maximum pressure threshold
was 10−5 eV/Å3. Both criteria had to be met to stop the
LBFGS iterations.
After the structure was relaxed under the zero-pressure

condition, the main part of the experiment began. The pressure
on the structure was repeatedly increased in equal increments
from 1.63 GPa for the 6-layer to 2.35 GPa for the monolayer
structure. The exact value of this increment was selected by
testing different values and checking the coverage of the
results. To achieve more data points for ε < 0.05, further
refinement was conducted. Additional optimizations were

Figure 1. DFT examination of mechanical properties: (a) stress−strain curve for phosphorene 1, 3, and 6 layers, 10 Å width zigzag nanoribbon; (b)
unit cell of the 3-layer nanoribbon used during computations; and (c) Tb stacking principle of phosphorene.
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applied for the pressure selected based on the current σ(ε)
curve. This approach is important for two reasons: (1) it
generates new data points in the zone of linear material
response and (2) new points lie on the same curve as
previously generated, proving the convergence of this
approach.
For each step, the geometry optimization was repeated using

the structure from the previous step as a starting guess. If the
pressure was too high and the optimization ripped the
structure apart, then there was an additional stop criterion
(in addition to the obvious criterion of the maximal iteration
for each LBFGS) that stopped the calculation if the relative
deflection exceeded an a priori set threshold. In such cases, the
structure was optimized once again but with an increment in
the pressure cut in half.
The described procedure was repeated for structures with

different numbers of layers, and the strain−stress curves were
obtained for each structure (Figure 1). By analyzing the
geometric dimensions of the structure, more important
mechanical properties can be found, such as Poisson’s ratio
and the density. Moreover, the structure’s twist along its length
can also be predicted.
2.2. Microstructural FEM Modeling. The deviation of

the material’s properties from the atomic-scale simulation was
used for the microscale simulation of a phosphorene ribbon.
The geometry of the structure was prepared as a thin prism
with 1 nm width, 5 μm length, and 1.65 nm thickness. The
deflection under the static force, resonance frequencies, and
response to a variable driving force were calculated using the
FEM. During this step, the MATLAB PDE toolbox was
utilized as the computation engine.
The simulation applying FEM was a static response analysis.

The structure was slightly extended by the addition of small
anchoring sheets of material at the ends. These anchors were
0.5 μm wide and 0.05 μm long. Some part of the material was
adhered to the substrate, but there was a small gap in the
substrate, so a small part of the material formed a “membrane”
or “bridge”-like structure above it. The behavior of the bridge

was simulated, but a smooth transition is needed from a
flexible bridge to a rigid part of the material, which was
adhered to the substrate. Therefore, the free-standing part of
the material above the groove in the substrate was particularly
considered.
Then, the side faces of the anchor were fixed, and a constant,

homogeneous pressure was applied to the top surface of the
material. The resulting node displacement map (Figure 3) was
prepared for different ribbon lengths and different pressure
magnitudes. During this step, the maximal length of the mesh
cell was 10 nm. The deflection map was recalculated to the
local strain map (along the direction of the ribbon). One such
map is presented in Figure 4.
The next step of the simulation was to find the structure

eigenmodes. A solid modal simulation was performed for each
ribbon length. To provide a sufficient convergence level, the
tightest mesh was used with a 1 nm maximal cell size.
In the last series of simulations, harmonic oscillation

pressure acting on the device surface was utilized. This allows
the response of the device to an external driving force to be
studied. A wide range of frequencies was used, both lower and
higher than the resonance frequency.

3. RESULTS AND DISCUSSION
3.1. Material Properties of Few-Layer PNR with a

High Aspect Ratio. To understand the influence of pressure
on the structure of PNRs, a pressure−strain diagram was made
in the zigzag direction, as shown in Figure 1. The diagram was
made for three different number of layers in the structure. As
expected, there is a relation between the number of layers and
the susceptibility to strain in the structure.19,34 The
susceptibility of the material to the applied pressure increases
with an increase in the number of layers. This means that for
the same pressure values for a material with a higher number of
layers, the deformation will be significantly larger. Since the
studied structure can be treated as one-dimensional, the
directional coefficients of the strain pressure curves can be
treated as the Young’s effective modulus of the structure. The

Figure 2. Basic mechanical properties of the PNR: (a) Poisson’s ratio on the Y axes; (b) Poisson’s ratio on the Z axes. Direction Y is perpendicular
to the plane, X is zigzag, and Z is armchair; (c) changes in the mean density of the nanoribbon under strain; and (d) twist angle of the PNR during
straining. The insets present how this angle is defined.
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following Young’s modulus values were obtained: 85.8 GPa for
6 layers, 111.8 GPa for 3 layers, and 134 GPa for 1 layer.
Further experimental modeling was conducted to estimate

the key mechanical parameters of the PNRs. Changes in the
dimensions of the structure in directions perpendicular to the
strain were compared with those occurring in the strain
direction. This enabled the estimation of Poisson’s ratios for
the studied nanoribbons. The relationship between the

calculated coefficients and strain is shown in Figure 2a,b. A
negative Poisson’s ratio for the phosphorene monolayer,
already reported in the literature,35,36 was observed in the
direction perpendicular to it. The variation in Poisson’s
coefficient for the armchair direction is significantly smaller,
both between structures with different numbers of layers and
in relation to the strain. A similar behavior of Poisson’s ratio
was also observed in the other simulation experiments.22,37

Figure 3. Static pressure response test result: (a) idealized presentation of the case study with the use of the FEM method. The PNR is suspended
over the grove; on one of its sides, the static or dynamic distributed load is applied (the load direction is marked by red arrows). (b) Scheme
showing how ribbon deflection is defined. (c) Cumulative results showing the relation between the deflection coefficient (deflection divided by
ribbon length) and the maximal strain occurring in a ribbon structure.

Figure 4. Strain generated by static pressure response test result: (a) distribution of the strain in the PNR under 4 Pa pressure; (b) deflection of the
ribbon caused by 4 Pa pressure, and (c) relationship between the strain in the ribbon and pressure applied on its surface.
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During the data analysis, it was noticed that the structure
undergoes a certain twisting dependent on the strain occurring
in the structure. Surprisingly, the twisting phenomenon of
phosphorene nanoribbons was attributed to their anisotropic
properties.38 This kind of twisting should not be confused with
twists used for the generation of Moire ́ patterns in
phosphorene. The twist in our experiments does not occur
between planes (as required for Moire ́ patterns39) but within
the plane along the zigzag axis. This type of twisting was not
observed in linearly strained phosphorene 2D layers40 but was
observed in strained graphene ribbons.41

The process of such twisting is attributed to the edge
stress.24 The edge stress is an important factor since it can
overcome the plane stiffness and lead to ribbon curling, which
was observed in graphene nanoribbons.23 However, studies
conducted thus far suggest that phosphorene plane stiffness is
significantly greater than for graphene, which is attributed to
the PNR puckered structure. The PNR is most likely to
accumulate edge stress rather than release it in the
restructuring process.37 The effect of this accumulation is
observed in the twisting of the structure.
Monotonic changes in this twist were observed for structures

with 3 and 6 layers. For the single-layer material, no clear
tendency appeared. A plot of the dependence of the structure
twist on the strain is shown in Figure 2d. The structure density
was also calculated (Figure 2c).
3.2. PNR Bridge Static and Dynamic Properties at the

Microscale. Based on the DFT-estimated PNR structure
parameters, an FEM model of the PNR was created. The FEM
method is known for being a successful tool in solving the
problems of mechanical property estimation of a macroscopic
object. However, there are some reported successful
applications of this method for submicron-scale analysis.42−45

The first experiment carried out using this model was a static
test of its loading (Figure 3a). This enabled the determination
of the deflection extent of the nanoribbon when subjected to
external pressure and the correlation of this deflection to the
strain in the nanoribbon. Similar to other works,16 as a measure
of ribbon deflection, the unitless parameter δ/t was introduced.
This parameter is the deflection (δ) of the ribbon divided by
its length (see Figure 3b). The strain distribution within the
PNR was examined during its deflection by tracing the relative
change in length of FEM mesh edges. The shape of the strain
map is shown in Figure 4a. In Figure 3c, the strain value refers
to the maximal strain observed within the ribbon at a particular
deflection.
There have been attempts to measure the static mechanical

response of few-layer phosphorene by means of mechanical
nanoindentation,34 but there are no existing direct measure-
ments for structures with small widths in comparison to their
length (i.e., high aspect ratio).
The mechanical strain is distributed similarly in every case,

so the shape presented in Figure 4a is the same for every
pressure applied to the ribbon, and only the magnitude of
strain changes.
Natural vibration analysis of the nanoribbon structure was

carried out. On this basis, the shape and frequency of the first
three modes of natural vibrations were calculated. The shape of
the modes is shown in Figure 5a, while their frequencies are
displayed in Figure 5c. The focus was on the analysis of forces
acting perpendicular to the surface on which the nanoribbon is
built. This direction of application of an external force is most
likely under real conditions since most of the fabricated
nanoribbons are grown at the substrate, which is parallel to its
layers.17,18,46 Taking into account the low thickness of the layer
and the fact that it is partially adhered to the substrate, we only

Figure 5. Results of normal mode analysis: (a) three-dimensional (3D) shape of the vibrational modes of the nanoribbon; (b) YZ projection for the
trajectory of the center of the ribbon during each vibration mode; and (c) normal modes of the phosphorene ribbons calculated analytically and by
FEM simulation.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c04500
J. Phys. Chem. C 2022, 126, 14219−14228

14224

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04500?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04500?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04500?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04500?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c04500?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://mostwiedzy.pl


act with force in the direction parallel to its layers. Most of the
experiments16,47−49 were carried out focusing only on
examining such vertical forces. According to our simulations,
the first three vibrational eigenmodes of the PNR have the
following polarizations: mode 1 is horizontal, mode 2 is
vertical, and mode 3 is horizontal. Therefore, mode 2 is the
most amplified, as it is polarized in the direction parallel to
vertical forces. The polarization of all of the described modes
was investigated, and the results are presented in Figure 5c.
The analysis shows that the modes are characterized by a pure
linear polarization, i.e., the plane of their vibrations is fixed.
Similar results regarding polarization were achieved by Rouhi
and Ansari50 and Li et al.51 while they studied graphene
nanoribbons.
In the case of normal mode calculations, the common

approach is to approximate the oscillating structure as an
elastic beam. The normal modes of the isotropic beam52 with
two ends fixed to terminals are given by eq 1

EJ
l

i
,

2 1
2i i

2= = +
(1)

where l is the beam length, E is Young’s modulus, J is the
moment of inertia of the beam cross section, and μ is the linear
density of the beam.
The dynamic simulations allowed us to investigate how the

examined set of PNRs will behave under the influence of an
oscillating excitation. PNRs with lengths of 1, 2, 5, and 7 μm
were subjected to a sinusoidal oscillating pressure. In this
analysis, the damping is an important factor along with the
stiffness of the ribbon. The stiffness was calculated in this work

by DFT. The damping factor of the nanostructures was
assumed to be 3 × 10−2 based on a previous work.53 The graph
in Figure 6a shows how the maximum PNR deflection depends
on the frequency and amplitude of the excitation. The obvious
resonance peak stands out for each deflection surface; however,
its position on the pressure/frequency plane varies. This
information is important for the design of devices from PNRs
since it allows for estimation of the maximal deflection of the
ribbon, thus setting the requirements for the groove sizes.
Moreover, it can also provide valid information about the
magnitude of strain in the ribbon at a specific deflection, which
is also important since many properties of phosphorene are
bound with strain.
From the obtained data, similar to PNRs subjected to

periodic excitation, the PNRs behave similarly to those
subjected to static loading. PNR whippiness is inversely
proportional to length. A similar effect was observed in
graphene structures,54 which suggests no significant mechan-
ical behavior difference between PNR and graphene ribbons in
regard to static loading tests. In Figure 6b, the image of
resonance peaks is presented. Notably, the magnitude of
pressure for each presented curve is not the same, so the
amplitude of deflection in resonance is equal. The position of
each peak indicates the mechanical resonance frequency. This
frequency is equal to 0.313, 0.555, 3.325, and 13.29 MHz for
nanoribbons with lengths of 7, 5, 2, and 1 μm, respectively.

Considering the factor 1 2 2 caused by damping ζ, the
resonance frequency equals the normal mode 2 frequency.
This proves that both simulations are consistent.

Figure 6. Results of dynamic pressure response analysis: (a) dependence of ribbon deflection on pressure amplitude and its frequency. The roman
numbers denote the different ribbon structures, so I�1, II�2, III�5, and IV�7 μm. The color over the surface is proportional to δ/t. (b) Ribbon
response curve (δ/t vs frequency); the pressure amplitude for each ribbon was selected to achieve the same amplitude at resonance.
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In summary, there are multiple possible approaches for
simulating the mechanical behavior of nanostructures: ab initio
DFT approach,55 force-field molecular dynamics,56,57 FEM,49

or analytical solution of continuum models.58 Each of them has
its own unique advantages, but the key factors are computa-
tional complexity and versatility in terms of nanomaterials. The
generally good trade-off between the cost and versatility is
presented by the force-field approach. However, even this
method is mainly used for quasi-static deflection analysis59 in
regard to the simulation of nanoribbons with a high aspect
ratio. In this work, the simulation of the dynamical behavior of
the nanoribbons was the primary concern, so the hybrid DFT-
FEM simulations were more favorable.

4. CONCLUSIONS
In conclusion, the obtained values of Young’s modulus and
Poisson’s ratio refer to the nanoribbons and not to the 2D
nanolayers. The results obtained for volumetric structures or
even for 2D structures do not reflect the mechanical properties
of 1D structures, so they should not be used for modeling
phosphorene bridges by the FEM. For example, Young’s
modulus for single-layer phosphorene is equal to 194.5 GPa60

and simulated in the described results for the single-layer
nanoribbon of 134 GPa. The obtained values of Young’s
modulus and Poisson’s coefficient differ significantly from
those known from measurements for phosphorene nanolayers
and phosphorene microstructures. This deviation can be
attributed to the strong edge stress occurring in ultrathin
nanoribbons. This stress disturbs the symmetry of the
nanolayer,24 so the 1 nm width PNR structure mechanically
behaves more like a nanolayer with linear defects rather than
pristine phosphorene. The presented ab initio simulations can
provide useful data regarding the mechanical properties of the
structures, regardless of whether experimental results are
available for a particular kind of material.
The results achieved with the simulations confirm the

previously known phenomenon; that is, a decrease in Young’s
modulus occurs with an increase in the number of layers and,
in some cases, the occurrence of a negative Poisson’s ratio. In
the case of normal mode modeling, modeling using a rigidly
fixed beam model produced similar results to FEM modeling.
However, FEM allows for mode polarization study, which is
not as simple using the analytical approach.
Considering different simulation methods of the mechanical

behavior of nanostructures, such as the DFT ab initio, force-
field MD, FEM, and analytical continuum model, a
compromise between computational complexity and versatility
should be established. As a solution to this issue, the hybrid
approach was proposed in the article. FEM is applied for the
continuum model of the structure to perform dynamical
response analysis. The mechanical properties of the structure
were calculated using the ab initio DFT approach. The authors
suppose that wider application of this approach could
accelerate the design of devices from phosphorene.
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and Informatics, Gdanśk University of Technology, 80-233
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and Informatics, Gdanśk University of Technology, 80-233
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